Introduction
During the recent years, environmental concerns have placed increasing pressure on the CO 2 -intensive industries such as iron and steelmaking. In Sweden, blast furnaces are the greatest single net producers of CO 2 from fossil fuels. Therefore, research must continue to make efforts to further optimize operation towards higher productivity and lower consumption of reducing agents. In Scandinavia the main iron-bearing material is olivine pellets, which allows operation with very low slag volumes and hence lower fuelrate. 1, 2) Other additives of particular importance are quartzite and calcite. Previous research has shown that all these additives have a significant influence on properties such as reducibility, [3] [4] [5] [6] [7] [8] pellet strength, 5, 6, 9) swelling 5, 6, [8] [9] [10] [11] and softening/melting of the pellets. 3, 8, [11] [12] [13] [14] Historically, it has always been extremely difficult to find any satisfactory relationships between burden reduction quality parameters, such as reducibility or low-temperature disintegration and furnace operation, because so many operational factors are also involved. 13) Some researchers have therefore devoted their studies solely to the behaviour of the mineral particles and their interaction with the surrounding iron oxides under different conditions relevant to the blast furnace.
As for olivine, Ryösä 15) provided a detailed study on altered olivine particles in magnetite pellets with microRaman spectroscopy, both after oxidation in a pot furnace and after subsequent reduction in an experimental blast furnace. The focus of this study was, however, mostly on the olivine particle and its reaction with nearby slag components and not on the changes of secondary phases further away from the particle. For quartzite, a good view of the eduction behaviour has been built up by the relative simplicity of the SiO 2 -Fe 2 O 3 -FeO system 16) together with the fact that silica has been present in the form of gangue in almost all ores. However, the authors are not aware of any studies where the mineralogical changes associated with quartzite particles in pellets have been studied specifically. The reduction behaviour of calcites in pellets is complex and depends to some extent on the conditions of each experiment, but the reduction of the most important binary and ternary calcium ferrites has been studied and described in detail. 17, 18) This study therefore aims to review and assess the basic reactions and transformations of particles of the minerals quartzite, calcite and olivine in magnetite pellets during reduction. The mineralogical phases formed in the pellets will be studied both before and after reduction. Attention will be directed to alteration in the additive mineral particles as well as alteration in the surrounding iron oxides. The study also aims to determine specific temperatures that are required for different reactions to occur. A first attempt at using exaggerated amounts of additives will be made to enable analyses also of phases that do not otherwise occur in sufficient amounts for X-ray diffraction and EDX-analy- Magnetite-based pellets with large amounts of the additives olivine, calcite and quartzite were isothermally reduced in a tubular furnace to study and describe the reaction behaviour of the additive minerals in the pellets. The reduction was thermodynamically set to yield wüstite at three different temperatures: 900, 1 000 and 1 150°C. The mineralogical phases that had formed before and after reduction were studied by Scanning electron microscope and X-ray diffraction. The pellets with the different additives were different already before reduction due to different reaction behaviour during induration: The results showed that it was possible to identify the main reactions during reduction for pellets with all three additives. All but the very small quartzite particles remained unreactive in reducing atmosphere until they began to form a fayalitic melt at 1 000°C. The calcium ferrites of the pellets with calcite reacted to form a porous calciowüstite already at 900°C. In the pellets with olivine, the magnesium, which had constrained into magnesioferrite pockets after induration, redistributed into the entire iron oxide structure at 900°C and also reacted with silica at 1 000°C. The olivine core which had not reacted during induration did not appear to react in reducing conditions at temperatures of 1 150°C and below. These reaction mechanisms have indicated a potential to reduce the required amounts of additives in the pellets.
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ses. The effect of using exaggerated amounts of additives and possible differences to the normal pellet case will be discussed.
Method

Sample Preparation
The pellets were made from a magnetite concentrate blend to which the additive minerals olivine, calcite and quartzite had been added. Only one additive was used in each experiment, even though 0.5% bentonite was added in all pellets for balling purposes. The iron oxide blend was a mix of 90% magnetite concentrate and 10% hematite concentrate. The amounts of additive mineral were set individually for calcite and quartzite, and the amount of olivine was then calculated to provide the same amount of added silica as with quartzite addition. A complete raw material specification, as well as calculated chemical analysis of the pellets, is given in Table 1 . For comparison, a commercial olivine and a commercial acid pellets are also added in Table 1 . 19) This shows that the olivine test pellet contains about 3 times the MgO of the commercial olivine pellet, the acid pellet 2 times the SiO 2 of the commercial acid pellets, and the calcite test pellet about 6 times the CaO in any of the commercial pellets. A discussion on the implication of the exaggerated additions is offered in the end of this paper.
Two hundred kilograms iron oxide and the additives were mixed and balled to pellets in a laboratory pelletizing disc. With the use of sieves, pellets of 9-12.5 mm in diameter were then taken out for further treatment. These pellets were then oxidised in an LKAB pot furnace with a heating programme going up to 1 280°C, allowing about 20 min at this temperature before cooling. Two kilograms pellets were taken out for analysis and reduction tests. All pellets were taken out from a small zone in the furnace centre to minimize differences in oxidizing conditions that prevail, for example, in the bottom compared to the top of the furnace.
Reduction Tests
All reduction tests were carried out isothermally in a tubular furnace at 900-1 150°C (see Fig. 1 ). The gas composition was adjusted according to the Fe-C-O-stability diagram 20) to create an atmosphere limiting the reduction to wüstite (see Table 2 ). The temperature was recorded with a thermocouple located 2 cm under the sample. The tubular furnace used was preheated to the desired temperature. The samples were then inserted and preheated for 2.5 min in nitrogen gas. The CO/CO 2 gas mixture was then introduced at the rate of 12 L/min. The sample weight loss was continuously recorded by a thermo balance during the reduction period. The samples were reduced for 2 h, after which the samples were lifted up to the water-cooled upper part of the furnace tube and cooled for 20 min at 125°C in nitrogen. Finally, the samples were allowed to cool in air at room temperature.
Analysis
The samples were characterized before and after reduction by scanning electron microscopy (SEM) and X-ray diffraction (XRD). SEM analysis was carried out with a Philips XL 30 with energy dispersive analysis (EDX) on polished samples. The quantitative analysis was made with ZAF-correction and calibrated against Cobalt. XRD analysis was carried out on pulverized samples and using a Siemens D5000 X-ray diffractometer. All samples were scanned in 2q range of 10-90°for 1 h, and then depending on the phases of interest, in selected ranges for periods up to 10 h. is detected in the peripheral area of the particles. Local melts have formed, typically on very small particles and mainly in the presence of impurities such as Na, K or Ca. Three phases are found with XRD: hematite, quartz and cristoballite. Figure 3 shows a quartzite particle in the pellet after reduction at 1 150°C. Three phases are identified in the XRD diffractogram shown in Fig. 4 : wüstite, magnetite and fayalite. This is also consistent with the EDX-qualitative analysis that showed that there is one iron-oxygen phase and one iron-oxygen-silicon phase. No quartz particles were found in the sample, and the iron oxide structure had sintered to a great extent, so that most of the small pores had disappeared through sintering or had been filled by fayalite (see Fig. 3 ). In the sample reduced at 1 000°C, both fayalite and quartz were detected, and the peripheral area of the quartz particles had sintered and dissolved some iron. The quartzite particles did not appear to have altered during reduction at 900°C compared to after oxidation only.
After Reduction
Discussion
Before reduction, the quartz particles in the pellets show almost no tendency to have reacted or deformed through sintering. This is in agreement with previous findings 21) and phase diagrams on the system. 16 ) At 1 280°C, used for the oxidising treatment, there is no reaction between SiO 2 and hematite or magnetite and the quartz particles therefore remain intact.
However, in reducing atmosphere the quartz particles react with the wüstite to form a fayalitic melt. Fayalite is thermodynamically stable already at very low temperatures, and the lowest melting point of fayalitic oxides is only 1 140°C. With the impurities in the system that further lower the melting temperature, formation of fayalite takes place already at 1 000°C. At 1 150°C all quartzite has reacted with surrounding FeO and turned into liquid with fayalitic composition. The formation of fayalitic melts is associated with decreased permeability in the lower zone of the blast furnace, which is considered a problem in this zone. 8, 13) Now, since only very small quartz particles are interacting with the iron oxides below 1 000°C, it seems that the total amount of quartzite could be reduced by adding a finer and thus more reactive quartzite. The total amount contributing to formation of fayalitic slags would then be reduced even though the interaction with the iron oxides during oxidation and low temperature reduction would remain the same. Figure 5 and Fig. 6 show a pellet with calcite addition before reduction. Figure 5 is from the peripheral area and Fig. 6 from the pellet core. EDX-qualitative analysis show that the pellet is composed of an iron oxide with a binding calcium-iron-rich phase filling up part of the pores and cavities in the iron oxide. Three phases are identified in the X-ray diffractogram in Fig. 7 : hematite, (CaO) 4 (Fe 2 O 3 ) 7 and (CaO) 2 SiO 2 . For convenience, the latter two will hereafter be referred to as C 4 F 7 and C 2 S. The morphology of the binding calcium-iron-rich phase is different in the peripheral area compared to the core. In the peripheral area this phase is found as isolated islands in a bulk mass of heavily sintered iron oxides (see Fig. 5 ). The phase contains Fe, Ca and small amounts of Mg, and the atomic ratio (CaϩMg) to © 2011 ISIJ Fe is on average 1 : 5.2, according to point analysis. In the centre the calcium-rich phase forms a matrix around the iron oxide particles, and it appears darker than that in the periphery (see Figs. 5 and 6 ). In addition to calcium and iron, silica is also present. Point analysis of the silicate phase gives 21-28% SiO 2 , 25-39% CaO and 37-51.4% FeO. Figure 8 shows the oxidised calcite pellet after subsequent reduction at 900°C. EDX mapping analysis shows a few silicon-rich particles in the 900°C sample, and small calcium-rich inclusions are found both after reduction at 900°C and 1 150°C. Other than that, only one phase is detected, i.e. the porous iron oxide. This is consistent also with the X-ray diffraction pattern in Fig. 9 , in which the phases, wüstite, magnetite and hematite were identified. Point analysis on the iron oxide phase in the peripheral area reveals a CaO level of 1.5% and 2.2% in the 900°C and 1 150°C samples, respectively, but occasional readings of up to 5% were observed in both samples. In the pellet core, no changes can be detected in the sample reduced at 900°C compared to the oxidised sample. In the 1 150°C sample, even the core has reduced.
Calcite 3.2.1. Before Reduction
After Reduction
Discussion
Before reduction, the pellets structure is heavily sintered and dense, with a liquid calcium-iron phase filling up a large part of the pores and acting as binder in the structure. The C 4 F 7 phase, has an atomic ratio of Fe : Ca of 3.5 : 1, whereas point analysis average of the phase in the sample gave the ratio of Fe : (CaϩMg) of 5.2 : 1. The high Fe content is probably due to the phase being a mixture of C 4 F 7 and Fe 2 O 3 . The calcium-iron phase in the centre also contains silica, which is in the form of C 2 S according to XRD.
In the reduced sample most of the pellet has reduced to a porous wüstite already at 900°C with smaller amounts of magnetite remaining in the centre. The calcium ferrites of the binding slag phase formed during oxidation are not stable in reducing conditions, but decompose when Fe 3ϩ is reduced to Fe 2ϩ . The calcium in the ferrite instead dissolves into the wüstite to form calciowüstite. The calcium silicates formed during oxidation remain as small silicate inclusions in the wüstite during reduction. This is fully in line with the phase diagram on the system FeO-CaO-SiO 2 . 22, 23) In the binary system FeO-CaO with only smaller amounts of CaO, calciowüstite and C 2 F are the stable phases, and at temperatures above 1 070°C, calciowüstite is the only stable phase. The reduction of the calciumferrites means a great structural change in the binding slag phase which might have serious implications for the reduction strength of the pellets. Therefore it would be good to study the range of different calcium ferrites that can form during normal induration conditions. The specific conditions for the reduction of these calcium ferrites in the pellets at temperatures lower than 900°C should then be studied in more detail. Figure 10 shows an olivine particle before reduction. The particle can be divided into a core and two coronas with different structures. The chemical mapping results in Fig. 11 show that the chemistry of the coronas has changed compared to the core of the particle. The dark core is an Mg-Si rich phase with a pattern of small, light inclusions. The first corona with the lamellar structure close to the core has lost Mg and gained a bit of Fe. The second corona is split into fairly large Mg-Fe rich crystals in a silicon-rich matrix. These crystals contain 14.1% MgO, according to EDX-qualitative analysis. Small olivine particles have turned completely into magnesioferrite crystals in a matrix of silica. The surrounding iron oxides are split into a lighter phase containing only iron, and a slightly darker phase that contains iron and about 15.9% MgO according to point analyses. Two phases are identified by XRD: hematite and magnesioferrite. Figure 12 shows an olivine particle in a pellet after oxidation at 1 280°C followed by isothermal reduction at 1 150°C. Two different areas can now be distinguished: the core and one corona. According to the chemical mapping analyses in Fig. 13 , the core is rich in Mg and Si, and also contains some Fe. The corona is lower in both Mg and Si, but richer in Fe. The chemical analyses for the core and corona are given in Table 3 below. Formation of fayalite was confirmed by X-ray diffraction at 1 150°C (see Fig.  14) . Figure 15 illustrates this change in composition when the olivine changes from the original forsteritic composition into a fayalitic composition after reduction.
Olivine
Before Reduction
After Reduction
The Mg level in the iron oxide is at 2.8-8% and 2.2-2.3% in the samples reduced at 900°C and 1 150°C respectively. The Mg level was found to vary a lot within distances less than 50 mm. The highest Mg readings were found close to the olivine particles.
Discussion
The decomposition of the olivine particles occurring before reduction has been accompanied by diffusion of magnesium, so that the surrounding iron oxide has turned into magnesioferrite. As the hematite structure cannot host any dissolved magnesium, the final iron oxide structure has become a mix of magnesioferrite and hematite as seen in Fig. 11 . The olivine particles are not altered in reducing conditions in temperatures up to 900°C, i.e. they show an unreacted core surrounded by a corona of magnesioferrite and silica. However, above 1 000°C the silica-rich olivine coronas react with the surrounding magnesium and iron, so that fayalitic olivine and possibly also iron-rich pyroxene are again formed. This is exemplified by reaction formulas (1) and (2) . In reducing atmosphere the overall pellet composition is in the corner down right in the phase diagram in Fig.  15 , and the pellets therefore approach the equillibrium phases of magnesiowüstite and fayalytic olivine. Figure 15 also shows how the olivine particle changes from the original forsteritic composition (1) into a fayalitic composition (2) in the corona after reduction.The olivine core does not appear to have altered much, even at 1 150°C. The exaggerated additions of olivine in this study made it possible to also follow the magnesium that had diffused out into the magnesioferrite phases away from the olivine particles. When the hematite is reduced, the magnesium that was constrained to a limited area can again diffuse out evenly in the pellet to give about the same Mg level throughout the pellet. Already at a temperature of 900°C the magnesium level in the former magnesioferrite islands has dropped significantly, and at 1 150°C it has levelled out on about 2% troughout the pellet. At 1 000°C this magnesium also reacted with the silica slag in the sample to form fayalitic olivine. It was not possible to obtain any point analyses from the small slag inclusions in the sample, but the chemical mapping images in Fig. 13 show that all silica is intimately associated with magnesium. The magnesium increases the melting point both in the wüstite and the slag. But since the olivine core remains seemingly inert during reduction up to 1 150°C, the magnesium that enters the slag and the wüstite comes only from the olivine coronas formed during induration. Therefore, depending on at which temperature magnesium has the greatest effect, it might be possible to optimize the addition of olivine. If the important contribution comes from increasing the melting point of the pellet at 1 000-1 150°C, a more reactive fine olivine would supply a greater amount of magnesium than a course olivine. This implies a potential to savings on the olivine. On the other hand, if the important contribution of the magnesium is when the olivine particles begin to melt, then a course olivine that serves a good oxidation degree during induration 24) should be used. Table 3 . Chemical point analyses averages on different parts of an olivine particle. 
Discussion on the Implication of Using Exaggerated Amounts of Additives
In this study of mineralogical phases in iron ore pellets, a first attempt at using exaggerated amounts of additives was made. The results showed that it was possible to identify, by X-ray diffraction, the main phases formed by the additives in all samples, after oxidation as well as reduction. A brief discussion on the implications of the exaggerated amounts on the sample mineralogy is given below for each case separately.
The quartzite particles, which are not much affected by the oxidation pre-treatment, react in reducing atmosphere to form fayalite. As fayalite is the only intermediate phase in the SiO 2 -FeO system, the results here should be comparable to pellets with normal additions of quartzite. The amount of fayalite formed as well as the densification of the pellet structure should, however, be much lower in a pellet with normal addition of quartzite.
Calcite addition led to formation of the C 4 F 7 calcium ferrite during oxidation, which is not a phase commonly reported in the literature. In studies of pellets with added dolomite, CF 2 has been reported as a predominant phase, [25] [26] [27] and Niiniskorpi 28) found that in commercial pellets with additions of olivine and calcite, almost all calcium of the original calcite particles ended up in the silicate slag. It can therefore not be excluded that the large addition of calcite used here has produced other phases than would have been the case with a normal addition. C 4 F 7 is not the expected phase based on the phase diagrams either. However, it is reported that this phase can be stabilized by small amounts of a third component such as MgO, 29) which was found as an impurity in the sample in the current study. During reduction the calcium turned into a calciowüstite phase and calcium silicates. Due to the stability of these phases in reducing atmosphere, it is likely that the same result would appear upon reduction also of pellets with more normal addition of calcite. However, a lower calcite content would lead to much less calcium dissolved into the wüstite, especially since the silica in the pellet consumes some of it in the formation of calcium silicates during induration.
The addition of olivine was about 4 times the normal addition. The composition of the test pellets as well as that of commercial olivine pellets are displayed as point 1 and 2 on the phase diagram in Fig. 16 . Here it is shown that the equillibrium points remain in the same compositional area of the diagram with the equillibrium phases being magnesiowüstite and iron-rich olivine in both cases. Also, since the olivine particles did not melt in these experiments, each olivine particle surrounded by iron oxides can be considered as its own system. The system of importance is hence the same in the commercial pellet as well as in the test pellet, i.e., an olivine particle in reaction with the surrounding iron oxides The amounts of dissolved Mg in the iron oxides and slag should, however, be lower in a pellet with a normal level of addition.
Conclusions
In this work the mineralogical phases formed in magnetite pellets with large additions of calcite, olivine and quartzite, during reduction to wüstite, were examined.
For quartzite, the main reaction during reduction is the formation of a liquid of fayalytic composition. This reaction begin slowly at 1 000°C.
In the pellets with calcite, the main reaction during reduction is the transformation of calciumferrites, that formed during induration, into a porous calciowüstite. This reaction occur already at 900°C.
In the olivine sample, two main changes occur during reduction: Firstly the diffusion of magnesium from the magnesioferrite to the surrounding iron oxide at 900°C or below. Secondarily the diffusion of magnesium into the silica slag phase at around 1 000°C.
The identification of the main reactions during reduction shows that only a small part of the quartzite and olivine is participating through solid bondings or chemically during reduction up to 1 000°C. The rest is isolated in the core of large additive mineral particles. This indicates a potential to reduce the amount of additives, and hence the total slag amount, with the use of finer and more reactive olivine or quartzite. The reduction of the calciumferrites means a great structural change in the binding slagphase which might have serious implications for the reduction strength of the pellets. The specific conditions for the reduction of different calcium ferrites in pellets at temperatures lower than 900°C should therefore be studied in more detail.
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